The article presents detailed two-phase adiabatic pressure drops data for refrigerant R134a. Study cases have been set for a mass flux varying from 200 to 400 kg/m 2 s, at the saturation temperature of 19.4
Introduction
Developers of many modern devices are faced with two conflicting trends: the need to dissipate increasing amounts of heat, and the quest for more compact and lightweight designs. These trends have spurred unprecedented increases in heat dissipation per volume and per surface area, forcing the research in heat removal enhancement in air cooling [1] and single-phase liquid cooling solutions [2] . Cooling demands in these and many other applications have resulted in a paradigm shift from single-phase to two-phase cooling strategies to capitalize upon the coolant's sensible and latent heat rather than sensible heat alone. Phase change cooling solutions come in a variety of configurations that could meet the system requirements of the application in question. These include pool boiling [3] , channel flow boiling [4] , mini/microchannels [5] , jet [6, 7] , boiling on enhanced surfaces [8] [9] [10] , and hybrid cooling techniques [11] .
The flow of vapors and liquids in pipes, channels, equipment, etc. is frequently encountered in industry and has been studied intensively for many years. The reliable prediction of flow parameters in two-phase flows is thereby an important aim; yet, heat transfer coefficients and pressure gradients predicted using leading methods often differ by more than 50% according to various reports [12] [13] [14] .
Instability of two-phase flow in a channel with evaporating fluid is closely related to the existence of pulsations of pressure and flow rate. Significant pressure pulsations may be dangerous. They can lead to channel wall deformations and, in consequence, emergency shutdown. Changes of mass flow rate accompanying pressure fluctuations may, on the other hand, lead to boiling crisis, which in effect lead to the reduction of heat transfer effectiveness in heat exchangers [15] . Therefore the issue of local stability (flow in the channel with evaporating fluids), as well as general evaporator stability, is important to the thermal design engineers [16] .
Dorao et. al [17] studied the effect of the heating profile of the characteristics of pressure drop oscillations (PDO). The experiments were performed in a 2 m long horizontal test section with 5 mm internal diameter, with R134a as working fluid. The PDOs were characterized by superimposing high-and low-frequency oscillations for varying range of heat flux. It was observed that at low and high heat fluxes with a uniform heating profile the high-frequency oscillations vanish. In addition, a decreasing power distribution can increase their occurrence.
Two-phase flow maldistribution in systems of heated parallel channels with a subcooled inlet state was investigated by Oevelen et.al [18] . Such maldistribution can result from the nonmonotonic behavior of channel pressure drop as a function of flow rate. A pressure drop model applied to every individual channel was integrated together with a pump curve into a system model. Multiple different flow distributions can occur for a given operating condition; the stability of each flow distribution is assessed by solving a generalized eigenvalue problem. Parametric effects of inlet subcooling, heat flux, and flow rate on the stability of the uniform distribution and on the severity of maldistribution were also investigated. Authors observed that there is a minimum inlet subcooling below which the uniform distribution is always stable and maldistribution cannot occur, regardless of the boiling number.
Lee et al. [19] investigated the minimum mass flux conditions in which a stable flow is sustainable. Flow parameters were identified via 47 flow instability data points and were compared with relevant correlations. The results implied flow excursion points that were close to the onset of a significant void. The visualization of the flow excursion using a high-speed camera was achieved, clearly demonstrating that the flow excursion is triggered by the coalescence of facing bubbles or wavy vapors on opposing heated surfaces. Presented data showed deviation from predictions, therefore new empirical correlation that reflect the gap size effect was suggested.
As indicated in the literature experimental data tend to deviate greatly from predictions. Therefore, the main objective of this paper was to investigate the frictional pressure drop during adiabatic flow in the 5 mm diameter channel with varying heat flux at a two-phase mixture preparation section. The objective of the present study is to run the two-phase flow in-tube cases under different experimental conditions in order to characterize the frictional pressure drop for the refrigerant R134a, for vapor qualities ranging from 0 to 1.
Experimental setup

Experimental test facility
The experimental facility is the R134a loop consisting of a main reservoir or refrigerant, pump, preheater (conditioner), heated test section, sight glass, and an adiabatic section and condenser. The loop is schematically represented in Fig. 1 .
The fluid pressure is set by controlling the temperature in the main tank where the refrigerant is at saturation conditions. The fluid is driven by a magnetically coupled gear pump which prevents any leakage of working fluid. The conditioner is a shell and tube heat exchanger with glycol in the shell side which is used for adjusting the R134a inlet temperature. Before entering the heated section the refrigerant flows through a Coriolis type mass flow meter. A mass flow rate accuracy of 0.2% of the reading was given by the supplier. The heated section is made from two meters long stainless steel tube. The section is electrically heated by Joule effect with the use of a low voltage AC power supply. The section is thermally insulated with a thick layer of mineral wool, thus thermal losses are neglected. The tube dimensions are 5 mm and 8 mm internal and external diameter respectively. Nine galvanically separated thermocouples are distributed along the wall surface, additional two are inside the tube in order to measure the local fluid temperature. The thermocouple accuracy after in house calibration was found to be 0.05 K. The adiabatic test section is a 1 m long stainless steel pipe with an inner diameter of 5 mm and 8 mm outer diameter. It is thermally insulated with polyurethane foam insulation. The adiabatic and heated section are arranged horizontally in line, with a 300 mm distance between them.
Experimental procedure and data acquisition
The measurements have been performed with the aid of computer connected to a National Instruments Compact RIO data acquisition system. The signal from measuring devices was processed with the aid of the LabVIEW application. The temperatures, absolute pressures, pressure differences and mass flow rates were acquired at a frequency of 2 Hz.
For every experimental point ∼100 data points were acquired, thus every point was obtained by averaged values from˜50 s measurements. Additionally, every experimental point was recorded twice, with 5 min interval, in order to exclude heat capacity effect of tube and insulation.
Two-phase total pressure drop was directly measured with a differential pressure transducer, same type differential pressure transducer was used to measure the adiabatic pressure drop. A differential pressure accuracy of 0.075% full-scale was given by the supplier. An absolute pressure accuracy of 0.04% full-scale was given by the supplier. This accuracy was checked by in house calibration. The heat flux and two-phase heat transfer coefficient were determined according to relationṡ
The absolute pressure at the inlet and outlet of the heated section was also recorded and was used for checking the saturation temperature T sat of the fluid based on the equilibrium thermodynamic properties. The refrigerant quality at the inlet of the adiabatic section was determined from mass and energy conservation equations using NIST REFPROP fluid database [20] :
The general expression for describing the total two-phase pressure drop ∆p total is ∆p total = ∆p mom + ∆p f rict + ∆p static ,
where ∆p static is the elevation head pressure drop and is neglected in a horizontal tube, ∆p mom is the momentum pressure drop created by the acceleration of the flow in a heating/cooling process, and ∆p f rict is the two-phase frictional pressure drop. The adiabatic two-phase pressure drops were obtained at the vapor quality leaving the horizontal boiling test section. No additional heat flux allows steady two-phase flow inside tube without bubble growth, thus the momentum pressure drop in the adiabatic section is zero. Therefore, we can determine the two-phase frictional pressure drops in the adiabatic test section directly from the measured values:
Using electric current to supply heat in the diabatic test section to evaporate the refrigerant, the wall temperature undergoes a slight temperature change while the phase changing refrigerant stays at nearly the same saturation temperature. The local heat flux is calculated as a function of generated Joule heat and is assumed to be constant during the evaporation process along the length of the tube. In order to determine the reliability of the experimental results, an uncertainty analysis was conducted on all measured quantities as well as the quantities calculated from the measurement results. For the heat flux, the error coming from the propagation is the error associated with the voltage and current measurements. Nevertheless, the thermal heat flowing to the fluid under stationary conditions was calibrated against the electrical value for different temperatures and conditions for single phase liquid considering the heat exchange with the surroundings arriving to a final accuracy of 3%. Uncertainties were estimated according to the standard procedures described by National Institute of Standards and Technology (NIST) [20] . Overall, the uncertainty in the calculated vapor quality is lower than 10%.
Experimental data analysis
A summary of the experimental conditions of adiabatic two-phase pressure drop of R134a are presented in Tab. 1. 
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In order to verify the assumed accuracy of the measurement and the correctness of the experimental procedure the preliminary studies were accomplished involving the determination of the pressure drop for the single-phase adiabatic flow of the test fluid R134a. The obtained experimental data, in the form of a pressure drop at the length of the 2 m long channel were compared with the Darcy-Weisbach correlation, assuming the friction coefficient according to the Haaland [21] equation, with pipe roughness height given by supplier to be below 0.03 mm. The pressure drop can be obtained by the following expression:
where f is the frction factor It turns out that the majority of the experimental data fits in the range of ±10% of the consistency with predictions. The maximal absolute deviation of 30% was present in the lower range of Reynolds numbers, as can be seen in Fig. 2 . This can be attributed to larger error of pressure transducers. Most of the experimental points presented in this article are higher than 2 kPa. In authors opinion that result can be deemed as satisfactory, particularly in the light of the fact that the recorded pressure drop rarely drops below a value of 1 kPa, with a maximum of 50 kPa in the accomplished experi-ment. The deviation between predicted and obtained results are close to the measurement accuracy achieved by the applied pressure transducers.
Adiabatic pressure drop
Adiabatic pressure drops as indicated in the introduction can be measured after preparation of vapour-liquid mixture in heated section. Varying the inlet subcooling temperature of working fluid will influence the amount of heat necessary to obtain same vapor quality. The adiabatic pressure drop along channel increases exponentially with mass flux. It can also be seen that the two-phase pressure drop is increasing for higher exit vapor quality with a maximum about vapor qualities around x = 0.7-0.9, as reported in the literature. The local maxima of pressure drop are observed to be more shifted towards higher vapor qualities at a higher mass fluxes. It can be seen that pressure drop values of each mass flux corresponds to single phase pressure drop values. It can also be seen from that the difference between the two phase pressure drops is higher for higher mass flux. That corresponds to the trends reported in literature, e.g., by Ould Didi et al. [22] for refrigerants flow in macrotubes of 10.92-12 mm and by Tran et al. [23] , for small channels. From an overall comparison of figures, 4 to 6 good agreement with experimental data for correlations of Zhang and Webb [24] and Thome et al. [25] clearly stands out as best in describing pressure drop variations with varying vapor quality. Most importantly one can observe the difference between the experimental data series for varying inlet subcooling. For higher values of inlet subcooling series experimental pressure drop is shifted towards higher values, what is visible for 0.8-1 vapor qualities. The Zhang and Webb [24] correlation is a modified form of the Friedel [26] correlation. This correlation predicts most of the data within ±30%. However, only 30% of the data is predicted within 10% error band. The correlation of Thome et al. [25] for predicting the frictional pressure drop is flow pattern based. Thus this method includes the effect of interfacial flow structure via the flow pattern map, and better follows the variation in pressure gradient with vapor quality. Also, it captures the peak in the pressure gradient at high vapor qualities. It is based on the actual mean velocities of the phases via the void fraction equation rather than superficial velocities. It has to be pointed that pressure drop experimental values during the experiments were also visually investigated in order to validate flow pattern map developed by Wojtan et al. [27] .
Predictions given by the homogeneous model assume equal velocities of vapor and liquid, also the fluid is considered as one single phase with averaged properties. This model under predicts the data with a mean aqbsolute deviation (MAD) of 36%. It should be noted that the prediction trend in the results is good and that the deviation is decreasing with increased mass flux, indicating that with a change in the leading constant this correlation would give better predictions. In low flow ranges, prediction error seems to be more pronounced in vapor qualities in a range of x = 0.4-0.8.
In order to find an answer for a shift in pressure drop values, flow visualization was performed. Figure 7 shows the flow pattern map for a representative set of experimental conditions for the mass flux G = 400 kg/m 2 s. Selected points confirming structure shown on the flow pattern map are depicted in Figs. 8 to 12 . This map is based on a recent version of the Kattan et al. [28] flow map, proposed by Wojtan et al. [27] , and also includes an improved method for the effect of heat flux on the transition to mist flow. D represents the transition zone between annular and mist flow. All of the obtained visualizations were similar in terms of flow structure without a visible difference in the flow pattern. As mentioned in the previous section, the refrigerant was heated in horizontal channel of approx. 2 m length. Vapor quality at the inlet of the adiabatic test section was calculated from energy balance equation. Entrained droplets can be observed in Fig. 12 , while the calculated vapor quality is equal to 1 (Fig. 7) . In authors' opinion the difference between presented test runs may be explained by the entrainment effect, which is influenced by the supplied heat flux. Unfortunately, in most prediction tools the parameters at which the two-phase mixture is prepared are not taken into account. It is also possible that the pressure drop is affected by an average void fraction which may be different than in a single snapshot.
Conclusions
As the first step of this work, a comprehensive experimental study was undertaken in order to obtain accurate two-phase pressure drop values during the adiabatic flow of refrigerants R134a in a horizontal tube. The flow conditions were chosen to obtain experimental values over a wide range of test parameters so that the effect of each parameter could be easily identified. The range of experimental conditions covered were three mass velocities and vapor quality covering the entire range from 1 to 0, and three inlet subcooling temperatures. The existing experimental facility allowed to run tests under adiabatic conditions to obtain two-phase pressure drop values for nearly every flow regime, and to validate the data reduction procedure used to obtain the pressure drop, and to validate existing flow pattern maps. The experimental campaign acquired over 500 experimental twophase pressure drop values covering all flow regimes except bubbly because of operating limitations. Obtained data is used as a validation of the literature models, a set of graphs showed comparisons, for a representative set of experimental conditions, of the two-phase frictional pressure gradients for the adiabatic test section. Agreement including reliability of the measurements as well as the correctness of the data reduction protocol and choice of void fraction model was shown to be quite good. A slight shift from predictions given by Thome et al. [25] model was attributed to entrained droplets in vapor flow with fluid enthalpy calculated from energy balance higher than saturated vapor.
Verification of the pressure drop for single-phase adiabatic flow showed that for Zhang and Webb correlation 93% of experimental data fits in the range of +/-30%. The model proposed by Thome et al. in other hand predicts almost 33% of data within 10% error, but only 80% of the data is predicted within 30% error.
